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Abstract 
Carbon nanotubes (CNTs) have a well-defined nanostructure to exhibit high electrical conductivity and chemical stability, and have 
been used as an advanced material to make electrodes of super-capacitor. Graphene nanoribbons (GNRs), as manufactured by 
unzipping the CNTs, have more flexible adjustable electrical properties than CNTs, and are regarded an even more promising material 
for super-capacitor electrodes. This paper presented a series of attempts to prepare GNRs by chemically treating multi-walled carbon 
nanotubes (MWCNTs); this is, an Oxidation-Reduction method was tried to make GNRs by unzipping MWCNTs longitudinally. 
Efforts were made in various trials to find conditions for Oxidation-Reduction processes to unzip MWCNTs.. With scanning electron 
microscopy, transmission electron microscopy, X-ray diffraction etc., characterization was performed to analysis the produced GNRs’ 
micro- and nano-structure. Experiment was also carried out for its electro-chemical performance in the cyclic voltammetry (CV) and 
galvanostatic charge-discharge tests. Results as obtained so far showed that the super-capacitor electrodes as made with GNRs 
appeared to have higher electro-chemical performance than the MWCNTs electrodes. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy 
of Sciences (CAS). 
Keywords: Multi-walled carbon nanotubes; Graphene nanoribbons (GNRs); Electrochemical performance; Preparation method 
1. Introduction 
As a new class of energy storage devices, super-capacitors are now attracting intensive attention owing to their unique 
advantages in, for example, long cycle life, superior reversibility, high power density and low maintenance cost [1, 2]. 
Performances of the super-capacitors are mainly determined by the electrode materials. In recent years, carbon nanotubes 
(CNTs) have been investigated as promising electrode materials for super-capacitors due to their well-defined 
nanostructure, high electrical conductivity, and chemical stability [3, 4]. As known, the capacitive behaviors of CNTs are 
dependent on CNTs’ surface modification, defect density, electronic conductivity, diffusion resistance (to electrolyte ions) 
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and effective surface area etc. factors. Considerable efforts have been made to modify such factors in order to improve 
CNTs’ capacitive behaviors. 
Product CNTs usually has a well-defined nanostructure, however, these structures are generally entangled in “ropes” . 
Such ropes impede ion transport in the inner tube of CNTs (especially for multi-walled carbon nanotubes (MWCNTs)), 
and limit the improvement in the specific capacitance of super-capacitors (15−200 F g−1) [5−7]. Although single-walled 
carbon nanotubes (SWCNTs) have higher specific capacitance than MWCNTs due to their larger specific surfaces, the 
high cost of SWCNTs restricts their feasibility for device applications. Despite significant progress, most fabrication 
processes of CNT electrodes are too delicate, which makes CNTs less viable for large-scale industrial applications. On 
the other hand, CNTs with thin film structure yields much lower volumetric density than powders.  
To obtain high specific surfaces of CNTs to realize fully its unique properties, new methods are needed for CNTs’ 
modifications on the macroscopic scale. Defect engineering of carbon nano-materials is presently a focus of research 
activities; it modifies their structures, and thus alters their physical and mechanical properties [8−10]. Shorter fragments 
and nano-ribbons have been obtained through unzipping CNTs. A number of methods, including plasma etching [11], 
oxidative treatment [12, 13], electrochemical approach [14], potassium vapor (followed by protonation) [15] and catalytic 
hydrogenation [16], have been developed to unzip CNTs longitudinally to manufacture graphene nano-ribbon (GNRs); 
the GNRs thus obtained display much better performance than that of pristine CNTs as found for applications in Li-ion 
batteries and solar cells [17, 18]. These outstanding properties of GNRs, including novel electronic, straight edges and 
spin transport properties, make them rather attractive in applications, and are presently used to make electrode for super-
capacitors.  
Kosynkin et al. reported that GNRs could be prepared chemically by treating CNTs with sulfuric acid (H2SO4) / 
potassium permanganate [12, 19]. In the present paper, using the chemicals as Kosynkin did, a new method of Oxidation-
Reduction was tried to make GNRs by unzipping MWCNTs longitudinally. The MWCNTs were product as grown by 
chemical vapor deposition (CVD). Efforts were first made to find conditions and processes to unzip MWCNTs to 
produce GNRs. Characterization was performed to analysis the produced GNRs’ micro- and nano-structure with 
instruments as available in the laboratory, the structural properties of the products are also studied in effort to propose the 
unzipping mechanism of the MWCNTs.. In addition, experiment was also carried out in the cyclic voltammetry (CV) and 
galvanostatic charge-discharge tests to assess the GNRs’ electrochemical performance. The results are presented as 
follows. 
2. Experiment 
2.1. Synthesis of Samples 
An Oxidation-Reduction method / approach was tried in preparing GNRs with MWCNTs as the raw material. The 
MWCNTs (OD: 20-30 nm) as grown by CVD (Chengdu Organic Chemicals) were used in this study. The remaining 
chemicals were from Chongqing Chuandong Chemical Co., Ltd. as purchased. 
GNRs were synthesized in a two-step process, i.e., Oxidation and Reduction. MWCNTs were oxidized according to 
the modified method as Kosynkin et al. tried [12, 19]. A 300 mg of MWCNTs was mixed with 120 mL of concentrated 
sulfuric acid (98%) in a 1000 mL flask. The mixture was stirred for 24 h under room temperature. A 1500 mg of 
potassium permanganate was then added to the slurry, accompanying with vigorous stirring. The rate of addition was 
carefully controlled to keep the reaction temperature below 20 °C. The mixture of all three was heated and stirred at 
85 °C for 4 h. A 400 mL of deionized water was slowly added, still with vigorous agitation. The diluted slurry was 
thereafter stirred for 30 min within an ice bath. After removal of the ice bath, 60 mL H2O2 (30%) and 200 mL deionized 
water were added to the mixture to prevent precipitation of insoluble MnO2. The mixture was washed and centrifuged 
with 10% HCl and  then deionized water for several times. This washing process was repeated until the pH of the 
solution became neutral. Finally, the solid sample was collected after washing with ethanol, deionized water,  and then-
dried at 60 °C in a vacuum - samples of  the GNRs material were prepared as black powders in appearance. 
There are many advantages of this approach, for instance, plenty of raw materials, simple process, low test costs etc. 
The obtained GNRs might contain lots of the defects during this oxidation process if the oxidation time is not well 
controlled. An inadequate oxidation or excessive oxidation might lead to production with a mixture of CNTs and GNRs. 
Other routes might be more suitable to prepare GNRs with less defects in the following steps:  raw material handling ė 
oxidation ė ultrasound pickling ė drying to be reported in other places. 
2.2. Materials Characterization 
The microstructure of pristine MWCNTs and GNRs was analyzed with field emission scanning electron microscopy 
(FESEM; Philips FEI Nova 400, Holland) and transmission electron microscope (TEM; ZEISS Libra 200 FE, Germany). 
The crystallinity of the samples was examined by X-ray diffraction (XRD; Rigaku D/Max-2500PC, Japan) with Cu Kα 
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radiation (λ = 0.154 nm) operating at 40 kV, 25 mA. Structural characteristics of the samples were analyzed using Raman 
spectroscopy with 622.5 nm wavelength laser under ambient condition. 
2.3. Preparation of Electrodes 
To evaluate the electrochemical properties of the samples, electrodes were fabricated as required. The prepared 
samples were mixed with acetylene black and poly vinylidene fluoride (PVDF) binder with a ratio of 80:10:10 in weight. 
Addition of acetylene black could enhance the conductivity of active materials and further increase the electrochemical 
utilization of an electrode. The mixture was ground sufficiently into a paste with N-methyl-pyrrolidone (NMP) as the 
solvent. The PVDF-NMP system must be strictly controlled to the water content to prevent falling. This paste was 
incorporated evenly into nickel foam or graphite electrode (1 cm × 1.5 cm); the mass of active material in the electrode 
was weighed after vacuum-drying at 100 °C for 12 h. 
2.4. Evaluation of Electrochemical Properties 
A typical three-electrode experimental cell equipped with an electrode, a platinum foil counter electrode and a SCE 
reference electrode was used for measuring the electrochemical properties of the electrode. Electrochemical 
measurements were carried out in 1 M Na2SO4 aqueous electrolyte; whereas, cyclic voltammetry (CV) and galvanostatic 
charge - discharge in a CHI760D electrochemical working station. The specific capacitance was calculated by: 
( )/C I t V m= ࡋ  
where, as measured, I  is the discharging current, t  the discharging time, V  the potential drop during discharge and m  
the mass of active material in a single electrode. 
3. Results and Discussion 
3.1. Synthesis of the GNRs Material 
As seen in Fig.1, the MWCNTs can be unzipped longitudinally during oxidation, instead of along any others direction; 
this is because that the bonds in red (Fig.1 (b 3)) are easier to continue the reaction to be unzipped, even if the CNTs 
itself has certain internal stress to have a tendency to expand, whereas the potassium permanganate could react with C=C 
bonds in any positions.  
 
Fig. 1. (a) representation of the gradual unzipping of one wall of a carbon nanotube to form a nanoribbon; (b) the proposed chemical mechanism of 
nanotube unzipping. (Reproduced by permission from L. Jiao et al., Nature 2009, 458, 872−876.) 
Unzipping of the MWCNTs into the GNRs samples was confirmed by SEM and TEM. Fig. 2(a) shows SEM image of 
commercially produced MWCNTs as used in the study. It can be seen that these MWCNTs are curved as “ropes” 
entangled, and have diameters ranging from 20−30 nm in the micrometer range. After the Oxidation-Reduction process, 
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the MWCNTs presented a remarkable morphology transformation. As shown in Fig. 2(b), one can observe that these 
MWCNTs are successfully unzipped along the longitudinal direction, and stack in three-dimensional porous network, the 
aperture transformed into a micron-scale from  a nano-scale. Porous material is advantageous to the invasion of the 
electrolyte; it also provides more space for the storage of lithium ion.  
 
 
Fig. 2. (a) SEM image of the MWCNTs; (b) SEM image of the GNRs. 
TEM images indicate that the obtained GNRs are unwrapped into graphene sheets, the partial tube structure could still 
be identified (Fig. 3(a, b)), the intermittent shape of the CNTs in the middle of the lumen shows that the tubular structure 
of MWCNTs has been partly unzipped by an inadequate oxidation of potassium permanganate. As shown in Fig. 3(c), 
the MWCNTs would form GNRs with the increase of oxidation time, MWCNTs were further stripped and the lumen was 
opened completely. 
 
 
Fig. 3. (a) TEM image of the MWCNTs; (b) TEM image of the partly unzipping MWCNTs; (c) TEM image of the GNRs 
3.2. Material Characterization 
The crystal phase and structure of the products were obtained by XRD and Raman. This product is monitored by 
XRD (see Fig. 4), the pattern shows two diffraction peaks, one at 2θ=25.4° (corresponding to (002) crystal plane), and 
another at 42.8° (corresponding to (100) crystal plane). The broad sawtooth-shaped reflection at 42.8° indicates that 
GNRs exhibit turbostratic disorder. According to the Bragg equation, one can speculate that the d-spacing (0.354 nm) of 
GNRs is slight larger than the d-spacing (0.346 nm) of MWCNTs, an evidence of a presence of residual oxgen-
containing functional groups or other structural defects. The existence of remaining oxygen functionalities and disorder 
improves accessibility to electrolyte ions and increase the layer space accordingly.  
 
Fig. 4. XRD pattern of MWCNTs and GNRs. 
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Raman spectroscopy is one of the best tools for the analysis and characterization of carbon materials. Raman 
analysis was performed to further investigate the structure of the MWCNTs and GNRs as given in Fig. 5. As shown, the 
G peak is at 1580 cm-1 as the graphite peak. The characteristic peak of sp2 reflect the symmetry and crystallinity of the 
MWCNTs and GNRs structures. This peak represents strong absorption band for the tangential mode produced by the 
pipe wall of CNTs; the G peak would be higher if the graphite layer-structure was better developed. The perfect graphite 
sheets composed of hexagonal carbon atoms; and the defect peak appears when there are pentagonal, heptagonal or other 
local defects. Also seen in Fig. 5, D peak is at 1352 cm-1, reflecting the disorder of graphene sheets. This peak was 
generated by the vibration of disordered or sp3 hybrid carbon atoms in the six membered ring of CNTs. 
 
Fig. 5. Raman spectra of MWCNTs and GNRs. 
It is estimated that the ratio of the intensities of the D and G bands (ID/IG) decreased from 1.56 to 1.05 after 
oxidation. A smaller ratio of ID/IG represents fewer defects in materials, suggesting that GNRs has fewer defects, the 
unzipping should be along direction of the defect. 
3.3. Electrochemical Characterization 
Cyclic Voltammetry (CV) and galvanostatic charging−discharging measurements were performed to evaluate the 
GNRs at different scan rate (from 5 mVs−1 to 50 mVs−1) in 1 M Na2SO4, with results as shown in Figure 6(a). The cyclic 
voltammetry (CV) curves have an almost perfect rectangle, indicating that the electrode material have a good reversibility. 
Figure 6(b) shows galvanostatic charging−discharging curves of GNRs at different current density (from 0.1 Ag−1 to 1 
Ag−1); it indicated that the electrode sheet resistance is small according to the discharge curve without significant voltage 
drop. It was calculated that the specific capacitance was up to 74.1 Fg-1 at a current density of 0.1 Ag−1. Meanwhile, the 
nature of the electrolyte was found to have strong influences on capacitive properties of GNRs. The functional groups 
attached to GNRs are more chemically active in alkali or acidic electrolytes where redox reactions occur. 
 
 
 
(a) 
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Fig. 6. (a) CV curves of the GNRs at different scan rate in 1 M Na2SO4; (b) galvanostatic charging−discharging curves of the GNRs at different current 
density in 1 M Na2SO4; (c) evolution of the specific capacitance of GNRs at 0.1 Ag-1 in 1 M Na2SO4.  
Because a long cycle life is one of key factors for super-capacitor application, an endurance test was conducted using 
galvanostatic charging−discharging cycles at 0.1 Ag−1 (see Figure 6(c)). In a 1 M Na2SO4, the GNRs electrode can keep 
97% of the initial value over 1000 cycles, the specific capacitance of the sample reaches a high value of 74 Fg−1, proving  
that the GNRs exhibit excellent cycling stability. 
3.4. Discussion 
The GNRs as prepared in an Oxidation-Reduction method exhibit much higher super-capacitor performance in 
comparison with the pristine MWCNTs. The oxidation process and subsequent reduction allow formation of some oxgen-
containing functional groups, which could generate pseudo-capacitance and other structural defects, both of them 
improve electrolyte ionic accessibility. The longitudinal unzipping increases effective surface area, thus  releases more 
electroactive sites of GNRs for fast electrochemical reactions. It is evident that the method of Oxidation-Reduction 
method can be used to produce GNR from MWCNTs, which can be effectively improve the super-capacitor performance 
of CNTs-based electrodes. 
(b) 
(c) 
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4. Conclusions 
An efficient approach of oxidation-reduction method was presented in the paper to prepare GNRs by unzipping 
MWCNTs longitudinally. The obtained GNRs displayed ideal crystal structures as measured in XRD and Raman 
spectroscopy characterization. CV and galvanostatic charging-discharging measurements were conducted to evaluate the 
performance of GNRS as super-capacitor electrodes. The experimental results showed GNRs had much higher 
capacitance, with an outstanding capacity retention on cycling when compared with pristine MWCNTs. 
Acknowledgements 
The authors gratefully acknowledge funding from the National Science Foundation of China (Grant No.11302194) and 
Zhejiang Provincial Natural Science Foundation, China (Grant No. LQ13A020004).  
References 
[1] K. Xie, X. Qin, X. Wang, Y. Wang, H. Tao, Q. Wu, L. Yang, Z. Hu, Carbon nanocages as supercapacitor electrode materials, Adv. Mater. 2012, 24, 
347−352. 
[2] C. Guan, X. Li, Z. Wang, X. Cao, C. Soci, H. Zhang, H.J. Fan, Nanoporous walls on macroporous foam: rational design of electrodes to push areal 
pseudocapacitance, H. J. Adv. Mater. 2012, 24, 4186−4190. 
[3] S. Cho, K. Kikuchi, A. Kawasaki, Radial followed by longitudinal unzipping of multiwalled carbon nanotubes, Carbon 2011, 49, 3865−3872. 
[4] A. Izadi-Najafabadi, T. Yamada, DN Futaba, M. Yudasaka, H. Takagi, H. Hatori, S. Iijima and K. Hata, High-Power supercapacitor electrodes from 
single-walled carbon nanohorn/nanotube composite, ACS Nano 2011, 5, 811−819. 
[5] K.H. An, W.S. Kim, Y.S. Park, J.M. Moon, D.J. Bae, S.C. Lim, Y.S. Lee, Y.H. Lee, Electrochemical properties of high-power supercapacitors 
using single-walled carbon nanotube electrodes, Adv. Funct. Mater. 2001, 11, 387−392.  
[6] C.M. Yang, Y.J. Kim, M. Endo, H. Kanoh, M. Yudasaka, S. Iijima, K. Kaneko, Nanowindow-regulated specific capacitance of supercapacitor 
electrodes of single-wall carbon nanohorns, J. Am. Chem. Soc. 2007, 129, 20−21. 
[7] E. Frackowiak, F. Béguin, Carbon materials for the electrochemical storage of energy in capacitors, F. Carbon 2001, 39, 937−950. 
[8] L.D. Carr, M.T. Lusk, Graphene gets designer defects, Nat Nanotechnol 2010, 5, 316–7. 
[9] A.V. Krasheninnikov, F. Banhart, Engineering of nanostructured carbon materials with electron or ion beams, Nat Mater 2007, 6, 723–33. 
[10] M. Berthe, S. Yoshida, Y. Ebine, K. Kanazawa, A. Okada, A. Taninaka, et al. Reversible defect engineering of singlewalled carbon nanotubes 
using scanning tunneling microscopy, Nano Lett 2007, 7, 3623–7.  
[11] L. Jiao, L. Zhang, X. Wang, G. Diankov, H. Dai, Narrow graphene nanoribbons from carbon nanotubes, Nature 2009, 458, 877−880. 
[12] D.V. Kosynkin, A.L. Higginbotham, A. Sinitskii, J.R. Lomeda, A. Dimiev, B.K. Price, J.M. Tour, Longitudinal unzipping of carbon nanotubes to 
form graphene nanoribbons, Nature 2009, 458, 872−876. 
[13] Y. Wang, Z.X. Shi, J. Yin, Unzipped multiwalled carbon nanotubes for mechanical reinforcement of polymer composites, J. Phys. Chem. C 2010, 
114, 19621−19628. 
[14] D.B. Shinde, J. Debgupta, A. Kushwaha, M. Aslam, V.K. Pillai, Electrochemical unzipping of multi-walled carbon nanotubes for facile synthesis 
of high-quality graphene nanoribbons, J. Am. Chem. Soc. 2011, 133, 4168−4171. 
[15] D.V. Kosynkin, W. Lu, A. Sinitskii, G. Pera, Z. Sun, J.M. Tour, Highly conductive graphene nanoribbons by longitudinal splitting of carbon 
nanotubes using potassium vapor, ACS Nano 2011, 5, 968−974.  
[16] A.L. Elías, A.R. Botello-Méndez, D. Meneses-Rodríguez, V.J. González, D. Ramírez-González, L.J. Ci, E. Muñoz-Sandoval, P.M. Ajayan, H. 
Terrones, M. Terrones, Longitudinal cutting of pure and doped carbon nanotubes to form graphitic nanoribbons using metal clusters as 
nanoscalpels, Nano Lett. 2010, 10, 366−372.  
[17] X.X. Wang, J.N. Wang, H. Chang, Y.F. Zhang, Preparation of short carbon nanotubes and application as an electrode material in Li-ion batteries, 
Adv. Funct. Mater. 2007, 17, 3613−3618. 
[18] G. Kalita, S. Adhikari, H.R. Aryal, M. Umeno, R. Afre, T. Soga, M. Sharon, Cutting carbon nanotubes for solar cell application, Appl. Phys. Lett. 
2008, 92, 123508−123511.  
[19] A.L. Higginbotham, D.V. Kosynkin, A. Sinitskii, Z. Sun, J.M. Tour, Lower-defect graphene oxide nanoribbons from multiwalled carbon 
nanotubes, ACS Nano 2010, 4, 2059–69. 
